In this work, we analyze in detail the relation between electronic structure and fluorine nuclear magnetic resonance (NMR) shielding in a series of solid state alkali fluorides (LiF, NaF, KF, RbF, and CsF). For that purpose, we use solid-state NMR calculations implemented in the density functional theory full potential WIEN2K code (APW + lo). Both measurements and calculations show that the NMR shielding varies across the series by approximately 200 ppm. We focus our discussion on an explanation of the origin of the observed trend, and we show that the variation is mainly determined by contributions from "semicore" metal-p and valence F-p bands. More specifically, the trend in fluorine shielding can be related to the small but significant change in the hybridization of these states. A second important ingredient determining the value of the shielding is the presence and position of metal-d states in the unoccupied part of the Kohn-Sham bands. Although the present analysis has been demonstrated for the 19 F nucleus in alkali fluorides, the main results are more general and can explain similar trends observed in other solids and for other nuclei.
I. INTRODUCTION
Nuclear magnetic resonance (NMR) spectroscopy measures the response of a material to an external magnetic field by detecting the transition energies related to the reorientation of the nuclear magnetic moment. 1 Due to the presence of electrons, the magnetic field at the nucleus differs from the external field, resulting in so called NMR shielding. The difference is related to the induced electric current, which depends strongly on the atomic and electronic structure of the investigated material. Therefore, NMR measurements provide indirect information about these properties. Nowadays, NMR is routinely used for studying the structures of molecules and solids. 2 In the case of small molecules and H or C nuclei, the interpretation of the measured spectra is often based on a set of empirical rules that model the indirect relation between the molecular structure and the NMR spectra. 3 However, for other (heavier) nuclei, or large molecules and solids, the response depends on the details of the electronic structure in a rather complicated way, [4] [5] [6] [7] [8] therefore the interpretation of the experimental data is a rather difficult task. [9] [10] [11] Even by means of ab initio calculations, which are undoubtedly helpful, one can at best reproduce the experimental spectra allowing an assignment to specific atomic sites, 12, 13 but so far it is basically not understood why the NMR shielding is smaller or larger in one compound than in another.
The aim of the present work is to perform a detailed analysis of the relation between electronic structure and NMR shielding. An understanding of this relation will certainly enhance the value of NMR chemical shift measurements as a method yielding valuable insight into the chemical bonding of a material. Years ago, a similar breakthrough was made possible for quadrupole splitting, where the understanding of the origin of the electric field gradient changed the interpretation from a "point charge" to a "chemical bonding" point of view. 14 As a specific example, we analyze the trend of fluorine NMR shielding in a series of solid-state alkali fluorides (LiF, NaF, KF, RbF, and CsF). It has been observed that the NMR shift changes by as much as 200 ppm (Ref. 12 ) between LiF and CsF despite the fact that they have an identical crystal structure and basically similar, highly ionic bonding. Figure 1 presents measured 12 and calculated isotropic NMR chemical shifts. The agreement is reasonable but suffers a bit from the well known errors of present semilocal functionals, which leads in a comparison between theory and experiment to slopes other than 1.
12, 15 It has already been noticed that the chemical shifts in the series correlate to some extent with electronegativities and polarizabilities 16 or ionic radii 17, 18 of the metal atoms. NMR shielding for those compounds has also been calculated before by others 12, 19, 20 and by us, 21 but the reason for this strong variation has not been discussed and is not yet understood. Similar trends were observed for series other than alkali fluorides, e.g., alkali earth fluorides 12 or alkali earth oxides. 15 Our final conclusions, formulated for alkali fluorides, should also hold for those cases.
II. THEORETICAL APPROACH
Before presenting the results, we outline our approach to calculate the NMR shielding. The method is based on a linear-response theory widely used for NMR calculations in solids. [22] [23] [24] A detailed description of our implementation into WIEN2K (Ref. 25 ) was published recently. 21 The shielding tensor ← → σ is a proportionality factor between the induced magnetic field B ind measured at the nucleus at site R and the external field B:
In this work, we discuss properties of the isotropic shielding (IS), which is given by σ (R) = Tr For nonmagnetic and insulating materials, only the orbital motion of the electrons contributes to j ind (r). The induced current is calculated in the framework of perturbation theory, where the first-order perturbation of the Hamiltonian in the symmetric gauge is
Within density functional theory (DFT), the current density is evaluated as a sum of the expectation values of the current operator running over the occupied Kohn-Sham (KS) states:
The expression for the induced current involves only the firstorder terms with respect to the external field B:
where (0) o is an unperturbed (KS) occupied orbital. J 0 (r ) is the paramagnetic part of the current operator [the first term in Eq. (4)], J 1 (r ) is the diamagnetic component of the current operator [the second term in Eq. (4)]. (1) o is the first-order perturbation of (0) o with respect to H (1) expressed using a standard perturbation theory formula,
with the sum running over the empty (unoccupied) KS orbitals.
Here we should stress that Eq. (5) is used as a reference formula in order to discuss the physics, while the actual formulas specific to the WIEN2K implementation are derived in Ref. 21 . We stress that contrary to the reference formula Eq. (5), our actual implementation is gauge-invariant and the results do not depend on the choice of the unit cell origin. The calculations presented in this work have been performed using the WIEN2K code 25 and are based on the augmented plane wave plus local orbital (APW + lo) method and the DFT with PBE (Ref. 26 ) exchange correlation functional. Within this method, the unperturbed wave functions as well as their first-order perturbations are expressed using plane waves in the interstitial region and an atomiclike representation inside the atomic spheres S α :
In contrast to standard ground-state calculations, IS calculations require an extended basis set inside the spheres, which is achieved by supplying additional local orbitals as described in Ref. 21 . To ensure the full convergence, we use ten extra local orbitals for l = 0,1,2. For other computational parameters, the standard values lead to well-converged results. Specifically, the plane-wave cutoff was set according to RK max = 7 (R = 1.8 a.u. is the sphere radii of fluorine atom, K max is the plane-wave momentum cutoff), and k-point sampling was done with an 8 × 8 × 8 mesh.
III. RESULTS
The electronic structure of the alkali fluorides is characterized by narrow metal and fluorine, s and p bands. The density of states (DOS) calculated for CsF is presented in Fig. 2 . The topmost valence band (below 0 eV) is dominated by F-2p character. The width of this band depends on the unit cell volume; it varies between 3.0 eV for LiF and 1.0 eV for CsF. The separation between the metal-p and F-p states varies between 20 eV for NaF and 5 eV for CsF. Although both the F-p and metal-p bands are dominated by their corresponding main component, some hybridization between them is present and shows up in the corresponding partial DOS (Fig. 2) . F-2s and semicore metal-s bands lie at much lower energies and thus hardly show any interaction with other orbitals.
As a first step in our analysis, we partition the IS into contributions from the metal and F bands. The calculated total and partial IS are given in Table I . First, we notice that the majority of the IS comes from the current inside the fluorine atomic sphere (R F MT = 1.8 a.u.), while the rest of the unit cell volume contributes only a few ppm. As expected, the core contribution to the fluorine IS is large, but it is constant across the series. Similarly, the contribution from the F-s band shows only a small variation between 24 and 27 ppm. The trend in the NMR shielding is fully determined by the metal-p and F-2p bands. The part of the shielding related to the metal-p band increases from nearly 0 ppm for NaF to 100 ppm for CsF, whereas the contribution from the F-p band decreases from about 53 ppm for LiF to −284 ppm for CsF. 19 F NMR isotropic shielding (ppm). The sphere contribution to the total NMR IS is evaluated by integrating the induced current in the F sphere only. The core contribution is related to the spherical core charge density. The contributions from F-p, metal-p, and F-s bands are evaluated by including only those bands in the evaluation of the induced current.
LiF
NaF 3l In order to understand the origin of these variations, we decompose the IS with respect to s, p, and d components of the ground-state wave functions (0) o and its first-order perturbation (1) o defined in Eq. (6). The major contributions are listed in Table II and can be compared to the total IS as given in Table I . The notation
indicates that the induced current has been calculated using only the selected angular momentum l component of (0) o or (1) o inside the atomic sphere α. For the F-2s band, the entire shielding comes from In the metal-p band, most of the charge is of course localized at the metal atom, but only the small F-2p character ( (0) o | F,l=1 ) contributes to the shielding on the fluorine site. Also for the perturbed wave functions, only the (1) o | F,l=1 component contributes to the shielding. The observed trend of this contribution to the IS correlates with the F-2p partial charge within the metal-p bands, which is tiny for NaF but quite significant for CsF (see Q F−2p in Table II ).
The situation is more complicated for the F-p bands. As expected, only (0) o | F,l=1 has to be considered for the occupied ground-state wave functions, but for the (1) o both l = 1 and 2 inside F are important. The (1) o | F,l=2 contributions are large but constant throughout the series, while (1) o | F,l=1 contributes to the observed trend. This trend follows closely the (small) metal-p partial charges, but note that it is three to four times larger and has opposite sign than for the metal-p band. This is a result of a small but significant covalent interaction between F-p and metal-p states, which is "bonding" (same phase) in the lower metal-p band but antibonding (opposite phase) in the upper F-p band. Figure 3 illustrates the bonding (for Cs-p bands) and antibonding (for F-p bands) mixing between Cs-p and F-p states for CsF.
Apparently, the (1) o | F,l=1 component has a different behavior when accompanied in Eq. (5) with F-s (constant within the series), metal-p (increasing positive contribution), or the F-p orbitals (increasing negative contribution). In order to understand this, we investigate the influence of the metal atom on the (1) o . For that purpose, we decompose the integral
entering the definition of the (1) o in Eq. (6) with respect to the angular components of the empty states (0) e . According to Eq. (6), (1) o is expanded in unoccupied states (0) e , and can only adopt a character that is already present in (0) e . However, its contribution is also controlled by the value of the integral and the energy denominator Table III shows the effects of such a decomposition on the NMR shielding. For the F-s band, the interpretation is relatively simple. (0) o is well localized inside the F sphere, and since it is of almost pure s character it can only couple to the F l = 1 character of (0) e . As a result, the majority character of the perturbed wave function (1) o is l = 1, which is the only important component for the fluorine IS. It stays constant throughout the fluorides series since the occupied F-s and empty F-p states are always the same.
In the metal-p band, the majority metal-p character in (1) o . Since the metal-p states are not completely confined inside the metal sphere, the interstitial region also contributes considerably to the integral
o . This indicates that there is a dependence between the position of the metal-d states and the F-IS. The energy denominator in Eq. (6) gets smaller when the unoccupied d bands get lower for heavier elements. The evolution of the metal d character across the fluorine series is displayed in Fig. 4 . Thus the increase of the metal-p band contribution to the F-IS within the series comes from two contributions, namely the increased F-p admixture in the occupied states (because the metal-p band increases in energy) and the lowering of the unoccupied metal-d bands.
To some extent, the situation is inverted for the F-p bands and the l = 1 component of (1) o , besides the fact that all metal characters (namely s, p, and d) contribute to the response. However, it is still important that the small metal-p component of (0) o (see Table II ) couples to the metal-d character of (0) e . At the same time, (0) e contains a large fluorine l = 1 component that enters the first-order perturbation (1) o , which due to its antibonding coupling to the metal-p states contributes more negatively in this series. The contribution to the IS related to the coupling of (1) o . A, contributes to the (1) o | F,l=1 component, resulting in an increasing negative contribution to the IS. B, also contributes to (1) o | F,l=1 , however it leads to an increasing positive contribution to the IS. C, contributes to (1) o | F,l=2 resulting in a constant contribution to the IS. Between KF and CsF, the change is rather moderate, however a big jump occurs between NaF and KF. Finally, the l = 2 component of This rather complex analysis can be summarized in Fig. 5 . In the metal-p band, there is a small but non-negligible bonding admixture of F-p character, which increases in the series because the metal-p band gets closer to the F-p band, leading to an increased shielding. Simultaneously in the F-p band, the antibonding metal-p contribution also increases for heavier metal atoms and the shielding becomes more negative and it is the dominating effect. This interaction can also be increased when the bond length decreases, and the effect is illustrated by calculating the shielding as a function of the unit cell volume. By increasing the volume, the mixing between metal-p and F-p characters decreases and effectively increases the fluorine shielding. The effect is large for CsF; see Fig. 6 . However, it is small for compounds where the interaction between metal-p and F-p states is small, e.g., in a case in which the energy separation is already large, as in LiF and NaF (Fig. 6 ).
The second important ingredient in the trend comes from the perturbation of the wave function (1) o , which is generated by a coupling of the occupied bands to the empty states. The F-d bands stay more or less constant in this series, while the metal-d bands come closer to the occupied bands and the negative IS contribution increases [via the energy denominator in Eq. (6)] and thus dominates the variation of the observed IS. Such effects are demonstrated by DFT + U calculations, 27 where the d states can be shifted artificially by an external orbital potential. The value of the shielding is controlled by the parameter U . Table IV presents the NMR shielding as well as its major contributions as a function of U calculated for CsF. Naturally, the contribution from the F-s band is not affected by the orbital potential because in this case the metal-d character does not participate in (1) o | F,l=1 . The contribution coming from the Cs-p bands, however, decreases gradually with increasing U , which agrees with our previous conclusion that the metal-d states take an active part in the formation of (1) o | F,l=1 . Since the F-p admixture in the ground state is not changed, we cannot decrease the metal-p contribution to zero (as it is for LiF and NaF). For the F-p bands, the absolute value of the shielding related to the (1) o | F,l=1 decreases as expected by about the same amount as the (0) e | metal,l=2 component. On the other hand, the component related to (1) o | F,l=2 is not affected by U because the Cs-d character does not participate in the response.
IV. CONCLUSIONS
To conclude, we have performed a detailed analysis of the relation between NMR shielding and electronic structure for a series of alkali fluorides. Our goal was to understand the origin of the observed trend. We have shown that the F-p band contributions are essential but the metal-p bands cannot be neglected. It is interesting to note that both sets of bands result in an opposite variation of the shielding throughout the series. The metal-p part of the shielding is positive and increases from light to heavy metal compounds, whereas for the F-p bands the shielding is negative for heavier elements and decreases through the series. We have indicated that for both sets of bands the (small) covalent bonding and antibonding interaction between metal-p and F-p states is essential, but the metal-d character (present in the unoccupied part of the spectrum) is also a key component in the first-order perturbation of the occupied KS states.
With this analysis, we can explain the origin and the trends observed in NMR experiments. It can also be applied to other materials and nuclei. For instance, we have already looked into more complex fluorides or the oxygen NMR shielding parameters of several (ionic) oxides, where very similar trends were observed.
